calization of the other two and results in defects in cell being particularly concentrated at its tip, but not detectable in other neurites (Figure 1B, right; Figure 1C , botpolarity and asymmetric cell division. Thus, to explore the functional roles of these proteins in establishing tom). Thus, mPar3 becomes selectively localized as the neuron polarizes; the polarized distribution of mPar3 in neuronal polarity, it will be important to examine their distribution in polarizing neurons and test whether alterneurites correlates with the specification of the axon (relative intensity to cell body at tip: axon, 67.8 Ϯ 8.8%; ation of their subcellular localization affects the axon specification.
dendrite, 16.3 Ϯ 2.2%; n ϭ 7; p Ͻ 0.0005; Figure 1D ). Does the mPar3/mPar6/aPKC protein complex play a role in establishing neuronal polarity? If so, does it reEctopic mPar3 Expression Abolishes quire the kinase activity of aPKC? If this protein complex Neuronal Polarity is localized to a specific region of the cultured hippoTo test whether the polarized distribution of mPar3 is campal neuron in the absence of any obvious external important for axon specification, we transfected hippopolarity cues, what might act upstream and instruct the campal neurons around 4-6 hr after they were plated in polarized distribution of these proteins? We approached culture with fluorescence tagged mPar3 (EGFP-mPar3). these questions in this study by demonstrating a critical About 40-48 hr after plating, transfected neurons were role for mPar3/mPar6/aPKC as well as PI 3-kinase in stained with anti-Tuj1 antibody and the polarity was then establishing neuronal polarity and exploring the potenassessed. As control, neurons were transfected with tial signal transduction pathways involved.
EGFP and found to display normal polarity, with a single long projection and some minor processes (percentage of neurons polarized: 90.2 Ϯ 2.7%, n ϭ 68; Figures 2A Results and 2B). In contrast, the majority of neurons transfected with EGFP-mPar3 were without a single long process Cultured hippocampal neurons were used to study the signaling mechanisms for establishing neuronal polarity. and, instead, contained two or more neurites with similar lengths (percentage of neurons polarized: 23.9 Ϯ 4.5%, After neurons were dissociated and plated, each neuron extended several processes with similar lengths during n ϭ 73; p Ͻ 0.001; Figures 2C, 2F, and 2G). EGFP-mPar3 proteins showed punctate distribution in the cell body the first 12-24 hr (stage 1-2). In the next 12-24 hr, one, and only one, of the processes started to grow rapidly and nearly all the processes, unlike the polarized distribution of endogenous mPar3 ( Figure 1B ). Often there and began to express the axon-specific microtubuleassociated protein Tau1, whereas other neurites rewas elevated Tuj1 immunoreactivity around the EGFPmPar3 puncta in the processes ( Figure 2C , arrows), inmained quiescent, resulting in morphological polarization of the neuron (stage 3, Figure 1A ). Those quiescent dicative of abnormal microtubule organization. The polarity defect in EGFP-mPar3 expressing neurons was minor processes later acquire morphological and functional features of dendrites (stage 4) (Craig and Banker, further confirmed with anti-Tau1 antibody staining; these neurons failed to extend a single long process express-1994). Staining of stage 3 neurons with phalloidin, which selectively labels filamentous actin (F-actin), revealed ing the axonal marker Tau1 ( Figure 2D ). Expression of mPar3 did not prevent neurite growth in general, as greater enrichment of the more stable F-actin in the future dendritic processes as compared to the axon neurons expressing EGFP-mPar3 or EGFP grew rather similar long processes around 48 hr after plating (aver-( Figure 1A ). This is consistent with previous studies, which suggest that differences in actin cytoskeleton dyage length of 4 longest neurites: EGFP, 53.6 Ϯ 5.6 m, n ϭ 6; EGFP-mPar3, 58.2 Ϯ 5.9 m; n ϭ 7; p ϭ 0.5; namics distinguish immature neurites that will form axon rather than dendrites (Bradke and Dotti, 1999) . What Figures 2C, 2D , and 2E). Similar defects in neuronal polarity were induced either with the EGFP-mPar3 fumight be the molecular mechanisms that create such differences so as to polarize the neuron? sion protein or with coordinated expression of mPar3 and EGFP as two separate proteins using the internal ribosomal entry site sequence (IRES) (mPar3-IRES-GFP, Polarized Distribution of mPar3 percentage of neurons polarized: 21.9 Ϯ 3%, n ϭ 32; in Hippocampal Neurons p Ͻ 0.01; Figure 2G ), indicating the defect on neuronal To test whether the initial axon specification depends on polarity induced by mPar3 overexpression is not due to the evolutionarily conserved Par3/Par6/aPKC complex its fusion with EGFP. These results suggest that polarimportant for establishing cell polarity in worm and fly ized distribution of mPar3 is important for axon specifi-(Kemphues, 2000; Jan and Jan, 2001; Ohno, 2001), we cation and establishing neuronal polarity. first examined the distribution of mPar3 because it is believed to nucleate the protein complex containing aPKC, mPar6, and the activated form of Cdc42 and Rac1
The mPar3 Figures 3D and 3E) . Interestingly, similar to EGFP-mPar3, the mPar3 N-terminal region EGFP-mPar3(delN) also differed from EGFP-mPar3 in subcellular distribution; it was present diffusely throughalone also showed a punctate distribution in both cell bodies and processes. Taken together, these results out the neuron though more concentrated in the axon and its tip ( Figure 3B ). In contrast, most neurons exindicate that the N-terminal region of mPar3 is critical for its subcellular localization and function in establishing pressing EGFP-mPar3(delC), which contains the N-terminal region and the PDZ domains but not the C-terminal neuronal polarity. 842-1337 amino acids, showed defects in polarity (percentage of neurons polarized: 27.4 Ϯ 3.9%, n ϭ 33; p Ͻ Role of mPar6 in Neuronal Polarity If axon specification involves mPar3, does it also involve 0.001; Figures 3C and 3E ). These findings suggest that the N-terminal region of mPar3 is important for its submPar6, which contains a PDZ domain that binds mPar3 ( Figure 7D ). Moreover, of integrins in neuronal polarity by treating neurons with PTEN-GFP expressing neurons also failed to transport RGD peptides, which block integrin function, but found mPar3 into neurites ( Figure 7E ). Taken together, these no effects on cell polarity (percentage of neurons polarresults suggest that localized PI 3-kinase activity and ized: GRGDSP, 82.5 Ϯ 4.9%, n ϭ 5; p ϭ 0.8; GRGESP, its product PI(3,4,5)P3 act upstream to localize mPar3 81.1 Ϯ 1.8%, n ϭ 5; p ϭ 0.9; Figure 6B ). Thus, integrins and polarize neurons.
and their downstream tyrosine kinases (e.g., Src and Fyn) are unlikely to be involved in neuronal polarity.
Growth Factor Receptor Tyrosine Kinase Activity
To determine whether neuronal polarity depends on Is Important for Neuronal Polarity G protein signaling or growth factor receptor tyrosine What might act upstream of PI 3-kinase to establish kinase, we treated hippocampal neurons in culture with hippocampal neuronal polarity in the absence of obvious either specific inhibitors of G protein signaling, pertussis polarity cues in culture? Different upstream regulators toxin (PT) and guanosine 5Ј-(␤-thio)diphosphate (GDP-␤-S), or a specific inhibitor for growth factor receptor activate different subtypes of class I PI 3-kinases, which tyrosine kinase, AG1478. Neither PT nor GDP-␤-S had cades for neuronal polarity, our study indicates that axonally localized PI 3-kinase activity, likely due to activaany effect on neuronal polarity. In contrast, AG1478 prevented neurons from becoming polarized (percentage tion of growth factor receptor tyrosine kinase, causes a similar subcellular localization of mPar3. The activities of neurons polarized: PT, 82.8 Ϯ 1.0%, n ϭ 3; p ϭ 0.7; GDP-␤-S, 82.2 Ϯ 1.6%, n ϭ 3; p ϭ 0.8; AG1478, 24.3 Ϯ of these two kinases plus aPKC, as well as polarized localization of both mPar3 and mPar6, are necessary 4.7%, n ϭ 5; p Ͻ 0.001; Figure 6A , right, and Figure 6B ). These findings suggest that activation of class IA PI for axon specification. These findings provide the framework for a proposed pathway in establishing neuronal 3-kinase by growth factor receptor tyrosine kinase is required for establishing the polarity of cultured hippopolarity (Figure 8 ). We found that polarized distribution of mPar3 and campal neurons. 
